A simple null charge model was employed to describe GaAs sheet resistance evolution as a function of proton implantation fluence using a previous knowledge of the irradiation created defect characteristics. In the specific case of GaAs irradiated with protons, three different irradiation related defect schemes were analyzed. Data obtained by both n-type and p-type majority carrier DLTS should be used together to give correct information about compensating deep centers. For a good estimation of isolation process by ion irradiation, not only the defects energy levels and introduction rates must be obtained, but also the corresponding charge transitions should be known.
Introduction
Ion implantation is an essential process for production of modern III-V compound semiconductor devices and circuits. It has been proven as a successful method to convert a conductive layer into a highly resistive one [1, 2] . Irradiation introduces defect related deep levels in the semiconductor band gap. The balance between these levels will govern the Fermi level position and, consequently, the material's electronic behavior. Although the so called implant isolation has been the subject of several studies in diverse semiconductors (GaAs [3] [4] [5] , GaN [6] , InP [7] , AlGaAs [8] ), there is still a lack of information about radiation defects structure and parameters. Determination of such parameters is not an easy task and usually demands a comparison between several different measurements. Some models were already developed to describe the implant isolation process for specific materials like GaN [9, 10] and to predict the Fermi level pining in semiconductors with a high density of structural defects [11] .
In this study, we suggest the use of a simple null charge model to simulate sheet resistance evolution with irradiation dose. This procedure is applied to the specific case of GaAs isolation by proton irradiation in an attempt to investigate the validity of different models concerning the characteristics of implantation introduced deep levels in this material.
Traps and compensating centers
Before we start presenting the isolation model itself, it is important to clear out the difference between traps and compensating centers. A trap is defined [12] as a defect level that communicates almost exclusively with one of the bands. An electron trap, for example, when empty, has a probability for electron capture from the conduction band per unit time much higher than that for hole emission to the valence band. The same level, when filled, has an electron emission (to the conduction band) probability per unit A compensating center is a level whose introduction effectively reduces the majority free carrier concentration in the sample, compensating the effect of majority dopant levels [12, 13] . The level position relative to Fermi level and its corresponding charge state transition determine whether a level will act as a compensating center or not.
Consequently, a trap might or might not act as a compensating center. Fig. 1 helps to demonstrate this idea: in Fig. 1(a) , we have GaAs semiconductor only with the donor species. Free electrons concentration (n) is close to dopant concentration (N d ) in this case. Introducing a defect level adequately close to the conduction band, it will communicate practically only with this band. Assuming an acceptor-like level (with 0 defect charge state when empty and À when filled (0/À), see Fig. 1(b) ), we do achieve a considerable reduction in the free electron concentration. In this case, the level can be characterized as an electron trap and a compensating center. But if we consider a donor-like level (with +/0 defect charge states, Fig. 1(c) ), again we have n $ N d , revealing that the trap level no longer acts as a compensating center. Actually, the introduction of this kind of level can even decrease the total free hole concentration in a p-type sample (see Fig. 1 
exemplify the analogous phenomenon in p-type GaAs.
In the implant isolation specific case, although the word ''trap'' has been previously assigned to centers responsible for free carrier reduction, defects dynamic behavior is not relevant, and, to achieve proper results, one must consider all possible compensating centers in simulations. In the case of majority carrier DLTS data, for example, levels observed in both n-type and p-type samples should be taken into account.
Using a null charge model sheet resistance simulation to analyse implant isolation data
We will suppose a semiconductor with a well-known distribution of levels inside its band gap and assume a given charge transition and uniform depth distribution for each one of these levels. In order to estimate the electrical resistivity of this material, one should find a way to obtain the free carrier concentrations and their mobilities. There are several empirical estimations for mobility values as a function of Coulomb scattering centers concentration that can be used [14, 15] . The idea is to calculate the carrier concentrations from the null total charge condition. As we know the energies of the levels, their concentrations and the charge states associated, it is straightforward to calculate the total charge for a given Fermi level value. The actual Fermi level will be the one leading to a null total charge, and from it we obtain the free carrier concentrations. The resistivity is given by q ¼ 1 enl n þepl p , where n is the electron concentration, p the hole concentration, l n is the electron mobility, l p is the hole mobility and e is the electron charge. The sheet resistance, then, is given by
, where d is the conductive layer depth.
In the specific case of implant isolation, the most common structure of the samples employed [16] is constituted by a semi-isolating bulk on top of which a uniform doped conductive layer is grown. The resistance is measured using two contacts over the doped layer, allowing us to approximate the structure with a two parallel resistors scheme, one of them being the high resistivity bulk and the other, the top conductive layer. Using this description, the measured sheet resistance will be given by R s ¼
, where R s1 is the top layer sheet resistance and R s2 is the bulk one. R s2 can be assumed constant ($2 · 10 9 X/h for GaAs [16] ) and R s1 should be estimated using the model.
It is very relevant to obtain information about the defects introduced by the implantation and their corresponding levels. This very simple model can be useful in this sense, since this kind of information can be suggested as input to the model, and a comparison between the model's results and experimental data will reveal how close to a good estimation the suggestion is.
GaAs proton implant isolation
The simple model described above can be used to estimate GaAs samples sheet resistance evolution as a function of ion fluence if we know accurately the parameters of the defect levels introduced by this implantation. For proton implantation, there are some experimental data previously obtained by our group [3] [4] [5] 16] or by other authors [17] [18] [19] [20] that, together with defect models described in the literature, [21] [22] [23] [24] allow us to take a closer look on a few interesting schemes. The first one concerns the previously obtained [16] association between anti-site defects (Ga As and As Ga ) and the isolation process. There are a few levels accredited to these defects in the literature [22] [23] [24] . Using these data, we can build a level structure like the one exposed in Table 1 and the inset of Fig. 2 . As gallium and arsenic have close masses and similar displacement energies [25] , we assumed equal introduction rates for both anti-sites, estimated by Monte Carlo TRIM program [25] . Fig. 2 also shows calculated sheet resistance curves as function of fluence for 600 keV protons. The simulation results show distinct isolation behaviors for n-type and p-type cases. The n-type curve reveals a region with an abrupt increase in R s . This region ends in a plateau, corresponding to the bulk sheet resistance, for a given proton normalized dose value that is called threshold dose. In the p-type curve, the threshold dose is not observed in the proton dose interval used. This is not, however, the experimentally observed result. As pointed out in [5] and exposed by the experimental data points in Fig. 2 , p-type and n-type samples must have close threshold doses for isolation and the sheet resistance growing part of the curve must be similar for both cases. This failure in estimating experimental results shows us that either the models for anti-sites are not correct (may be incomplete) or the assumption relating the isolation process mainly to anti-sites might not be appropriated.
To construct the second scheme, we will assume the defects observed via DLTS in [3] . The proton fluence used in this reference was small compared to that required for complete isolation, but, as the defects responsible for isolation in GaAs are believed to suffer only weak dynamic annealing [26] , we assumed the experimentally observed introduction rates [3] to be constant in the fluence region employed for simulations, ignoring defect interactions. The adopted charge transitions are shown in Table 2 . Fig. 3 shows the resulting isolation process simulation. Again, we did not achieve a qualitative match with experimental data, but it is clear that, including all these levels, the model shows more realistic results.
The last step we are taking here is to add to the previous description the levels that could not be shown in [3] due to the experiment temperature limitation. DLTS measurements in proton implanted n-type GaAs samples [17, 18] show the levels known as E1 and E2. The transitions 0/À and +/0 were respectively assigned to them [19] , and, using data from [18] , we estimate their introduction rate as twice as the one considered to Pn5 (identified as E3 [3] ). A level called H0 was observed by DLTS in electron irradiated p-type GaAs samples at low temperatures [20] . H0 was associated to Ga As 0/À [19] , and, to estimate its concentration, we assumed again that the same amount of both antisites was introduced.
Including these tree new levels, we get to the third scheme (see Table 3 ). Simulation results are presented in Fig. 4 . A behavior closer to the experimentally expected is observed [5] : p-type and n-type isolation processes have similar sheet resistance raising regions and comparable threshold doses. Qualitatively, this is a more acceptable isolation process simulation result for proton implanted GaAs. The experimental data, however, was not still reproduced completely. There are several effects that should be taken into account and other measurements that should Fig. 2 . Sheet resistance simulation using the energy levels configuration associated to anti-site defects [22] [23] [24] compared to experimental data from [5] . The total displacements were estimated by TRIM program [25] . The energies values presented for Pn1-5 and Pp1, Pp3 and Pp4 are the apparent energies obtained via DLTS [3] . Fig. 3 . Sheet resistance simulation using the levels measured in [3] : Pn1-Pn5, Pp1, Pp3 and Pp4. The adopted charge transitions were +/0 for Pn1, Pn2, Pn4 and Pn5; ++/+ for Pn3 and 0/À for Pp1, Pp3 and Pp4. Experimental data points were taken from [5] . be employed to create a more realistic set of level parameters. Conventional DLTS data can be used to obtain information about discrete levels, but, for non-delta like distribution of states, other more sensitive experimental methods, like Laplace DLTS [27] , are required. DLTS measurements with variable electric fields and temperature varying Hall effect data might be useful to give information about charge transitions. TSC/TSCAP might also be helpful.
Conclusions
The method described above to simulate the evolution of GaAs sheet resistance with the proton fluence requires a good estimation of levels created inside the band gap as an input. Such an estimation should be achieved by means of a quite complex measurements set, because not only the levels energies distribution must be obtained, but also their corresponding charge transitions and introduction rates should be known. Data from both n-type and p-type majority carrier DLTS measurements should be used together, since we are looking for compensating centers, not for traps. The three trial schemes adopted here reveal that the isolation process can not be described exclusively by the levels associated in the literature to anti-site defects and that nowadays available experimental data concerning GaAs isolation is not complete enough to correctly predict this process.
